In heterothallic Ascomycota, two opposite but distinct mating types control all sexual processes. Using mating crosses on agar plates, the heterothallic nature of the wood-inhabiting fungus Ophiostoma quercus was confirmed and mating types were assigned to 10 isolates. Primers were subsequently designed to target both the mating type 1 (MAT1-1) and 2 (MAT1-2) idiomorphs in these isolates. The results showed that all isolates contained sequence fragments representing both idiomorphs. This was unexpected, as each isolate from a heterothallic species would typically contain only one of the two possible MAT idiomorphs. An atypical mating system such as the one described in this study has not previously been encountered in any other Ascomycota mating locus described to date.
INTRODUCTION
Ophiostoma represents a diverse genus in the Ascomycota with a worldwide distribution (Wingfield et al. 1993) . Most species have a close association with treeinfesting bark beetles and some cause serious tree diseases (Hausner et al. 1993) . This is true of species in the O. piceae complex (Chung et al. 2006; De Beer et al. 2003; Harrington et al. 2001; Kamgan et al. 2008; Uzunovic et al. 2000) , which includes the Dutch elm disease pathogens (O. ulmi and O. novo-ulmi) that have been responsible for the death of millions of Elm trees in the Northern Hemisphere (Brasier 1990) . Other species in the O. piceae complex result in blue-stain of timber and they degrade wood quality. For example, O. quercus is responsible for significant economic losses due to sapstain in hardwoods (De Beer et al. 2003; Harrington et al. 2001 ).
Species of Ophiostoma have various mating behaviours that range from strict homothallism through to strict heterothallism. For example, the Dutch elm disease pathogens and O. quercus are heterothallic (Brasier and Kirk 1993; Harrington et al. 2001; Solla et al. 2008) where sexual reproduction requires the interaction of two individuals of opposite mating type (Coppin et al. 1997) . In contrast, individuals of homothallic species (e.g., O. arduennense and O. minus) are typically self-fertile and capable of completing the sexual cycle in the absence of a second individual (Carlier et al. 2006; Gorton and Webber 2000; Grobbelaar et al. 2009 ).
Sexual reproduction in the Ascomycota is controlled by the genes found at a single mating type locus (MAT-1) (Coppin et al. 1997; Turgeon 1998) with two idiomorph alleles (Metzenberg and Glass 1990) . In heterothallic species, individual isolates usually have either the MAT1-1 or MAT1-2 idiomorph, but they have never been found to contain both idiomorphs (Glass and Nelson 1994; Nelson 1996) . In homothallic species, the genomes of all individuals harbour genes of both idiomorphs, frequently in different arrangements of the MAT locus (Elliott 1994; Nelson 1996) .
Three genes are commonly located at the MAT1-1 idiomorph, MAT1-1-1, MAT1-1-2, and MAT1-1-3 (Coppin et al. 1997; Elliott 1994; Glass and Nelson 1994) . Of these, the α-box protein encoding gene, MAT1-1-1 (Coppin et al. 1997; Debuchy and Turgeon 2006) , was first identified in Saccharomyces cerevisiae (Astell et al. 1981) and has subsequently been identified in all fungal MAT1-1 idiomorphs (Glass et al. 1990; Kanematsu et al. 2007; Li et al. 2010 ). The MAT1-1-2 gene encodes an amphipathic α-helix protein with a conserved Histidine, Proline, Glycine (HPG) domain (Debuchy and Turgeon 2006), while the MAT1-1-3 gene encodes a protein with a High Mobility Group (HMG) domain (Coppin et al. 1997; Debuchy and Turgeon 2006) . Another HMG domain protein, encoded by the MAT1-2-1 gene, is characteristic of the MAT1-2 idiomorph (Arie et al. 1997; Coppin et al. 1997; Nelson 1996) . MAT1-2-1 is generally the only gene located on the MAT1-2 idiomorph and has been found in all MAT1-2 idiomorphs that have been characterised (Arie et al. 1997; Coppin et al. 1997; Kanematsu et al. 2007) , including those of the Dutch elm disease pathogens (Paoletti et al. 2005) .
Recent studies of the MAT genes have revealed their importance in the biology and evolution of fungi (Bennett et al. 2003; Strandberg et al. 2010; Zaffarano et al. 2010 ).
For example, comparisons of MAT DNA sequences in different fungi have improved our understanding of the evolution of homothallic and heterothallic mating strategies (Arie et al. 1997; Bennett et al. 2003; Conde-Ferráez et al. 2007; Fraser and Heitman 2004; Li et al. 2010; Martin et al. 2011; Steenkamp et al. 2000; Turgeon 1998 ). Also, the availability of information on the mating idiomorphs allowed for the assessment of the presence of MAT genes in the genome of apparently asexual species (Foster and Fitt 2003; Mandel et al. 2007; Turgeon 1998) . At the intraspecies level, knowledge regarding the distribution of MAT genes has also shed light on the preferred reproduction mode (i.e. sexual versus asexual) of certain fungal populations (Britz et al. 1998; Linde et al. 2010; Zhan et al. 2002) . Analysis of the distribution of mating types within a population of a heterothallic fungus may be accomplished using either conventional mating studies or DNAbased approaches. Conventional mating tests are laborious and time-consuming as they involve mating all available isolates in every possible combination and subsequent assignment of mating specificities. This traditional approach has been used widely for heterothallic species of Ophiostoma (Brasier and Kirk 1993; De Beer et al. 2003; Grobbelaar et al. 2009; Harrington et al. 2001; Zhou et al. 2004 ).
However, the mating type designations obtained under laboratory conditions do not always reflect the situation in natural environments (Marra et al. 2004; Marra and Milgroom 2001) . Also, not all the individuals examined are necessarily equally fertile under the conditions tested, and this can lead to erroneously assigned mating types.
In contrast, DNA-based approaches are relatively inexpensive and usually provide reliable mating type assignments (Cherif et al. 2006; Dyer et al. 2001; Yokoyama et al. 2004 ). These DNA-based methods are, however, dependent on the availability of sequence information for the MAT locus, because MAT idiomorph-specific PCR assays exploit the inherent differences in the MAT genes (Dyer et al. 2001; Steenkamp et al. 2000) .
For species of Ophiostoma, MAT sequence information is available only for the Dutch elm disease pathogens (Jacobi et al. 2010; Paoletti et al. 2005 Paoletti et al. , 2006 
quercus, a number of mating tester strains is available from previous mating studies (Brasier and Kirk 1993; De Beer et al. 2003; Grobbelaar et al. 2009; Kamgan et al. 2008 ). The aim of this study was to characterise the MAT genes in some of these O. quercus isolates.
MATERIALS AND METHODS

Isolates and mating study
Ten Ophiostoma quercus isolates originating from single spores were used in this study (Table 1) . These isolates were obtained from Quercus, Acacia and Eucalyptus hosts in Africa, Europe and North America. Their mating type specificities have been determined in previous studies (Brasier and Kirk 1993; De Beer et al. 2003; Kamgan et al. 2008) . For routine cultivation of these isolates, malt-extract agar (MEA; 20 g/L malt extract [Biolab, Merck] , 20 g/L agar [Biolab, Merck] ) medium and an incubation temperature of 25°C were used.
To confirm the identity of all isolates used in this study, the ribosomal RNA (rRNA) internal transcribed spacer regions (ITS 1 and 2) and the 5.8S gene were amplified and sequenced using the primers ITS1F (Gardes and Bruns 1993) To confirm the mating types of all ten isolates, mating tests were used as described previously (De Beer et al. 2003) . Isolates were paired in all possible combinations on 8 sterilized Quercus twigs that were placed on 1.5% (w/v) agar (Biolab, Merck) medium. Control crosses were included where each isolate was paired with itself. A mating interaction was scored as negative if no ascomata were formed, if the ascomata contained no ascospores or if the ascospores were not viable when incubated on MEA medium. Positive mating responses were recorded only when ascomata containing viable ascospores were formed. The entire mating study was performed twice. (Table 2) . To amplify the MAT1-2 idiomorph gene MAT1-2-1, a set of primers was designed based on O. novo-ulmi sequence data. In an attempt to extend MAT1-1 sequences we followed two strategies. In the first strategy, the MAT1-1-1 and MAT1-1-2 sequences were targeted by designing primers based on sequence information for O. novo-ulmi. In the second strategy, the O. quercus MAT1-1-3 gene and 3' non-coding region was targeted using a primer set that was based on previously published sequence data (Table 2) (Paoletti et al. 2005) . After a single round of PCR and sequencing, the resulting O. quercus sequence data were used to design another primer (Mt3cF), which was used together with primer Mt3cR, which was also based on unpublished O. novo-ulmi sequence data, to target the coding region of MAT1-1-3.
PCR, cloning and sequencing of the mating type genes
Amplification reactions of the mating type regions and purification of PCR products were carried out as described above. Purified products were cloned using the pGem ® -T Easy cloning kit (Promega, Madison, USA) after which cloned inserts were amplified directly from colonies using the vector-specific primers T7 and SP6 (Butler and Chamberlin 1982; Dunn et al. 1983 ). The latter PCRs utilized the same PCR reaction and cycling conditions as before, with the only exception that 30 amplification cycles instead of 35 were used. These PCR products were also purified and sequenced as before, except that primers T7 and SP6 were used.
To confirm the identity of sequenced fragments of the MAT idiomorphs, comparisons were made with the available sequences for the Dutch elm disease pathogens 
RESULTS
Isolates and mating study
The ITS sequences of the 10 O. quercus isolates used in this study were similar to those reported previously for isolates of this species (Grobbelaar et al. 2009 ), confirming their identity. The heterothallic behaviour of these isolates were also confirmed (Table 1) and agreed with that previously determined (Brasier and Kirk 1993; De Beer et al. 2003; Kamgan et al. 2008) . Of the 55 mating tests performed, none of the 10 self-pairings produced ascomata or ascospores (Fig. 1b) . In contrast, nine positive matings (Fig. 1a) were observed among the 45 remaining mating combinations. In all these cases, the ascomata produced abundant ascospores that were viable on MEA medium. Similar results were obtained when the trial was replicated. Based on these results, the isolates were separated into two groups of five isolates, and respectively assigned "+" and "-" mating types (Table 1 ). 
PCR, cloning and sequencing of the mating type genes
Using the MAT1-1 idiomorph-specific primer pair OqMt1F+OqMt1R (Table 2) , it was possible to amplify and sequence a fragment of 181 bp from the genome of the 10 O. quercus isolates ( Table 1 ). The BLASTn results confirmed that the sequence of this fragment was similar to those previously determined for MAT-1 isolates of O.
novo-ulmi ( The nucleotide sequence of the MAT1-1 fragments for the 10 O. quercus isolates were identical. In two of the isolates (CMW 1034 and CMW 2521), a second fragment of approximately 600 bp was co-amplified, but its sequence showed no similarity to any MAT gene or to any other sequence in the NCBI database and was thus excluded from subsequent analyses.
To extend our MAT1-1-3 sequence, the O. quercus-based primer Mt3cF was used with Mt3cR (Table 2) in PCRs with DNA from two isolates of opposite mating type, i.e., isolates CMW 2520 (MAT+) and CMW 2521 (MAT-) (Table 1 ). This primer pair allowed amplification and sequencing of a 645 bp portion of the MAT1-1-3 gene in isolate CMW 2520 (MAT+) only (Fig. 2) 
DISCUSSION
Results of this study showed that the MAT locus of O. quercus has a unique structure that has not previously been encountered in any other Ascomycota. 1996) , elements thought to be exclusively associated with either the MAT1-1 or MAT1-2 idiomorphs were found in all the O. quercus isolates examined. Despite the fact that it was possible to assign "+" and "-" mating specificities to the strictly heterothallic isolates of this fungus, isolates of both mating types harboured MAT1-1-3 and MAT1-2-1 sequences.
The full HMG box containing MAT1-2-1 gene was amplified and sequenced for the 10 O. quercus isolates included in this study (Fig 2) . In this study, the sequences for two genes usually associated with the typical Ascomycota MAT1-1 idiomorph (Fig. 2) were determined. From the MAT-isolate CMW 2521 (Table 1) , a large portion of the MAT1-1-1 gene was amplified, which encodes the typical MAT1-1 α-domain known from other Ascomycota (Coppin et al. 1997; Debuchy and Turgeon 2006; Glass and Nelson 1994; Nelson 1996) . However, a 180-bp portion of the MAT1-1-3 gene was also found in all 10 O. quercus isolates.
It was possible to obtain the near-complete sequence for this gene in the MAT+ isolate CMW 2520 (Table 1) In the typical heterothallic MAT locus arrangement, the MAT1-1 idiomorph contains at least the α-domain MAT1-1-1 gene in addition to the MAT1-1-3 and MAT1-1-2 genes (Coppin et al. 1997; Nelson 1996; Turgeon and Yoder 2000) , while the MAT1-2 idiomorph always contains the MAT1-2-1 gene (Arie et al. 1997; Coppin et al. 1997) . Nothing is known regarding the mating type loci of homothallic Ophiostoma species, but previous research has shown that homothallic mating idiomorphs share similarity with that of heterothallic species. For example, the single MAT locus of the Fig 2. Condensed results of the mating studies.CMW numbers and assigned mating type are shown for all isolates. Self-matings and matings between isolates of the same mating type that produced no perithecia are excluded. The two columns for each mating interaction indicate the results of the two repeats for the agar block (two blue columns) and liquid broth (yellow column) mating test. Mating interactions between opposite mating types were expected to be positive for a strict heterothallic fungus, and 15 positive matings were observed. Matings between isolates of the same mating type (e.g. CMW2521 versus CMW17258) were expected to be negative, but two positive reactions were seen in the liquid broth mating test (shown in blocks). A+ indicates a positive mating reaction with the formation of perithecia, while A− indicates the absence of perithecia and was scored as a negative result.
